Hydrofluoroethers (HFEs) are developed as a suitable for the replacement of environmentally hazardous CFCs and are termed as third generation refrigerants. One of the major products of decomposition of HFEs in the atmosphere is a fluoroester. The present study relates to the OH and Cl initiated oxidation of CF 3 C(O)OCH 2 CF 3 formed from the oxidation of HFE-356mff. The latter is used as a solvent in the industry and reaches the atmosphere without any degradation. Kinetics of the titled molecule has been studied at MPWB1K/6-31+G(d,p) level of theory. Single point energy calculations have been made at G2(MP2) level of theory and barrier heights are determined. The rate constants are calculated using canonical transition state theory. Tunnelling correction are made using one-dimensional Eckart potential barrier. The rate constant calculated during the present study are compared with the experimental values determined using relative rate method and FTIR detection technique.
Introduction
Halons have been determined to be responsible for depletion of stratospheric ozone resulting in the global warming. These are undesirable in the atmosphere and therefore, banned globally for their use in industrial applications.
1-4 A particular category of halons, chlorofluorocarbons (CFCs) widely used in the industry are quite stable and reach as such in the stratospheric region of atmosphere. These take part in the catalytic destruction of ozone. Therefore, attention has been directed to find suitable and environmental friendly replacements. A large number of compounds such as hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and hydrofluoroethers (HFEs) have been found to have similar physical properties as that of CFCs and these may suitably be used as an alternative in many industrial applications such as refrigerants, blowing and cleaning agents. Amongst the above, hydrofluoroethers (HFEs) are mostly used as industrial solvents and cleaning agents. These possess almost zero ozone depleting potential due to absence of chlorine. 5 However, the presence of C-F bond in HFEs may enhance the strong absorption in the range 1000-3000 cm −1 that may cause a potential greenhouse effect. 6, 7 HFEs have ether (─O─) linkage as a result of which they are highly reactive in the upper atmospheric region. It is a known fact that the atmospheric oxidation of HFEs leads to the formation of fluorinated esters as primary products.
8-12
In the tropospheric region highly reactive oxidants OH and Cl are abundantly present. 13 These oxidants would initiate the oxidation of HFE-356mff (CF 3 CH 2 OCH 2 CF 3 ) that ultimately formed 2,2,2-trifluoroethyl trifluoroacetate (TFETFA). Various pathways involved during the oxidation of CF 3 CH 2 OCH 2 CF 3 (HFE356mff) leading to the formation of TFETFA are schematically shown in Scheme 1.
Studies have shown that further oxidation of FESs leads to the formation of fluorinated acetic acid and the corresponding anhydride along with CF 2 O and its hydrolysis products CO 2 and HF leading to acid rains.
14-16 Therefore, it is necessary to understand the chemistry of fluorinated esters in the atmosphere in order to assess the environmental acceptability of HFEs as a plausible replacement of chlorofluorocarbons.
Therefore, it is pertinent to have an understanding of the chemistry of oxidative degradation of fluoroesters formed as a result of oxidation of HFEs. In this work we have studied the kinetics of OH and Cl initiated oxidation of TFETFA. TFETFA possess only one hydrogen and its abstraction reaction by OH and Cl are represented as:
Scheme 1. Degradation pathways of HFE-356mff leading to the formation of 2,2,2-trifluoroethyl trifluoroacetate (TFETFA).
Based on relative kinetic method using FT-IR detection technique Blanco et al. 17 derived the rate constants of the above two channels as k OH = 1.05 ± 0.23 × 10 −13 and k Cl = 1.18 × 10 −15 cm 3 molecule −1 s −1 at 298 K and 1 atm pressure. In another study using the same technique Wallington et al.
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reported the rate constant of reaction (2) to be 9.0 × 10
However, to the best of our knowledge no theoretical studies have been done so far on the above two reactions. Thus, we found it genuine to study the kinetics of the above two reactions using high level computational methods and compare the computed values with the experimental data available in the literature.
Theoretical Details
All the electronic structure calculations were performed using GAUSSIAN 09
19 software package using the methods implemented therein. The MPWB1K method has been found to yield reliable thermochemical data in order to calculate the energy barrier needed for the rate constant determination. 23 The harmonic vibrational frequencies of the stationary point (reactants and products) and saddle point (transition state) and zero point energies were obtained at the same level of theory at which the optimization was made. The frequency calculation showed that all the stationary points belonged to the local minima on their potential energy surface shown by the positive vibrational frequencies. On the other hand transition states were characterized by the presence of only one imaginary frequency (NIMAG=1). Intrinsic reaction coordinate (IRC) calculation was also performed at the same level of theory by making 15 point on both (reactant and product) sides of the transition state with the step size of 0.01 amu
-bohr in order to confirm that transition state connected the reactants and products smoothly.
In order to have a more reliable barrier heights, single point energy calculation were carried out at G2(MP2) 24 level using MPWB1K/6-31+G(d,p) optimized geometries of reactants, products and transition states. The zero point corrected total energy for each species was used for the determination of the energy barrier. A recommended value of scaling factor of 0.9537 was used for correcting the zero point energy.
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The rate constants for reaction channels 1 and 2 were calculated using the canonical transition state theory (CTST) 26 which included a semi-classical one-dimensional multiplicative tunnelling correction factor as represented by the following expression:
where Г(T) stands for the tunnelling correction factor at temperature T, and Q R are the total partition function of transition state and reactant respectively and ∆E 0 is the activation energy. R is the universal gas constant and k B and h are Boltzmann and Planck's constants respectively. The tunnelling correction factor Γ(T) is defined as the ratio of the quantum mechanical to the classical mechanical barrier crossing rate. It is expressed as 27 (4) where V F is the forward reaction barrier and K is the transmission probability for tunnelling which depends on E and three other parameters determined from the shape of the barrier and effective mass of the system. The Eckart 28 barrier was the first realistic barrier for which quantum mechanical solution was obtained and it is used frequently to determine the chemical rate constants. The one-dimension Eckart's potential has the form (5) (6) where x is the variable measured along the reaction coordinate and L is the characteristic length. A and B are related to the forward and reverse energy barriers and L to the second derivative of V at its maximum written as F * and these are given as
Brown 29 derived expression for the calculation of the transmission probability in terms of three parameters defined by Johnston and Heicklen 30 and wrote a computer code for the evaluation of tunnelling correction factor in the case of unsymmetrical Eckart type potential barriers given by Eq. (5) . In the present study we used the code and calculated the tunnelling correction factor Γ at 298 K.
The total partition functions of reactants and transition states to be used in the rate constant calculation using Eq. (3) were calculated at MPWB1K/6-31+G (d,p) level of theory. The total partition function is approximated by the product of translational, rotational, vibrational, and electronic partition functions. Several low frequency vibrational modes were identified as internal rotations.
31 The total partition function of reactants [CF 3 C(O)OCH 2 CF 3 ] and transition states (TS-OH and TS-Cl) were corrected for hindered rotor as given by the following expression (8) where Q HO is the harmonic oscillator partition function, the internal rotation partition function and Q v=i is the partition function of normal mode vibrations corresponding to internal rotation.
The electronic partition functions of OH radical and Cl atom were modified to take into account the splitting of their electronic level due to spin-orbit coupling. The ground 
On the other hand, the 4-fold degenerate ground state of OH radical splits up into two doubly degenerate levels separated by an energy difference of 139.7 (cm −1 ) as given by Ogura et al. 33 In such a case Q elec (OH) is given by the expression Q elec (OH) = 2 + 2 exp (−139.7 cm −1 · hc/kT) (10)
Results and Discussion
Electronic Structure. The optimized structures of reactants, products and transition states obtained at MPWB1K/6-31+G(d,p) level of theory are shown in Figure 1 . The significant structural parameters are also noted along the significant bonds and these are also shown in Figure 1 . Transition state (TS-OH) is formed as a result of OH radical attack on the parent molecule. The O atom of the OH radical forms a new O······H (15O─12H) (refer to Fig. 1 for the numbering on the atom) bond by attaching it with the H atom of the C-H (3C─12H) bond of the parent molecule. The newly formed O······H (15O─12H) bond is found to be 1.234 Å which is about 28% larger than the isolated O-H bond distance in H 2 O molecule calculated to be 0.953 Å. The same observation is true in the case of abstraction of H by Cl atom. In the latter case the breaking C-H bond stretched from 1.083 to 1.388 (~28%) whereas, the forming H-Cl bond in TS-Cl is 1.448 Å which is about 15% larger than that of 1.273 Å in the isolated HCl molecule. The elongation of the breaking bond in the case of TS-Cl may be due to the strong electronegative character of the Cl atom.
The unscaled vibrational frequencies of the corresponding molecules for reactions 1 and 2 calculated at MPWB1K/6-31+G(d,p) are given in Table 1 . The frequencies corresponding to the saddle point on the potential energy surface corresponding to the transition states (TS-OH and TS-Cl) are 1744i cm −1 and 1167i cm −1 respectively. The larger absolute value of the imaginary frequency at 1744 cm −1 for H-abstraction by OH radical in reaction channel 1 envisages that the width of the potential barrier might be narrow and the tunnelling effect may be pronounced and should be taken into account during the calculation of the rate constant. For unrestricted calculations spin contamination is the major issue. The spin contamination <S in Figures 3 and 4 respectively showing thereby that the transition from reactants to products were smooth through the corresponding transition state.
Rate Constant
The barrier height for reactions 1 and 2 considered during the present study are determined using dual level dynamics method G2(MP2)//MPWB1K/6-31+G(d,p) in which the single point energy calculation is perform at G2(MP2) level on the geometry optimized at MPWB1K/6-31+G(d,p). A potential energy diagram is constructed by plotting zeropoint corrected total energy of the species concerned with respect to the reactants arbitrary taken as zero. This is shown in Figure 2 . The results show that reaction 2 initiated by Cl atom has a higher energy barrier (5.3 kcal/mol) as compared to reaction 1 initiated by OH (3.8 kcal/mol). This envisages that OH attack for H-abstraction is more favourable than the Cl initiated H-abstraction reaction in reactions with titled molecule.
The rate constants for reactions 1 and 2 are calculated using canonical transition state theory (CTST). The total partition function of reactant (CF 3 C(O)OCH 2 CF 3 ) and transition states (TS-OH and TS-Cl) are corrected for hindered rotors. Several low frequencies obtained during vibrational frequency calculation have been found to behave like internal rotors and are taken into consideration during the calculation of the corrected partition functions. The partition function corresponding to these frequencies were excluded from the normal mode vibrational frequencies of reactant and transition states and the total partition function was corrected using Eq. (8) and used in the rate constant calculation. The corrected partition functions are listed in Table 2 . Significantly higher absolute values of the imaginary frequencies obtained at 1744 and 1167 cm −1 for TS-OH and TS-Cl respectively show that reaction proceeded with a narrow width and tunnelling may be significant. We utilized Eckart potential for forward and reverse barriers and using the method developed by Brown 29 for the calculation of the tunnelling correction factor. The values come out to be 11.45 and 4.21 for reactions (1) and (2) which is significantly higher than the value calculated by simple Wigner's method (3.9 and 2.1) for respective reactions. Taking into account the corrected partition functions, barrier heights and tunnelling factors, the rate constants for reactions (1) and (2) 17 In another study using the same experimental technique Wallington et al. 
Conclusions
Hydrogen atom abstraction reactions of 2,2,2-trifluoroethyl trifluoroacetate by OH and Cl have been studied at MPWB1K/6-31+G(d,p). Transition states have been characterised and the intrinsic reaction coordinate analysis has been performed on geometry obtained at the same level of theory. Results showed that the transition states connected the reactant and products and the transition was smooth through the transition state. The barrier heights are determined at G2(MP2) level and the partition functions were corrected for internal rotations. These are used in the rate constant calculation based on the canonical transition state theory. Tunnelling corrections are made using one-dimension Eckart potential. The calculated rate constants are found to be almost 5 to 10 times higher than the experimentally observed values obtained by relative rate methods based on FTIR detection technique.
